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1. Introduction 
As atmospheric CO2 concentration is rising due to anthropogenic ac-
tivities, there is a growing interest for a better understanding of the 
dynamics of CO2 fluxes. Over the last decade, a large number (>600) 
of eddy flux tower sites are established to determine net ecosystem 
CO2 exchange [NEE, the balance between gross primary production 
(GPP) and ecosystem respiration (ER)] between terrestrial ecosys-
tems and the atmosphere (Baldocchi et al., 2001). The NEE studies 
are used to assess the carbon uptake potential of ecosystems and 
GPP is estimated from NEE data (Falge et al., 2002). The GPP is used 
to quantify crop productivity, determine better management prac-
tices (Baker and Griffis, 2005), and understand temporal differences 
in productivity (Falge et al., 2002). In addition, CO2 fluxes from ter-
restrial ecosystems are important to monitor atmospheric CO2 con-
centrations (Baldocchi et al., 2001). In recent years, eddy flux data are 
the primary source of data to support model development and sat-
ellite remote sensing (Mahadevan et al., 2008; Running et al., 1999a; 
Stockli et al., 2008; Williams et al., 2009). The images from the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) sensor are 
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Abstract 
Gross primary production (GPP) of croplands may be used to quantify crop productivity and evaluate a range of man-
agement practices. Eddy flux data from three soybean (Glycine max L.) fields under different management practices (no-
till vs. till; rainfed vs. irrigated) and Moderate Resolution Imaging Spectroradiometer (MODIS) derived vegetation indices 
(VIs) were used to test the capabilities of remotely sensed VIs and soybean phenology to estimate the seasonal dynam-
ics of carbon fluxes. The modeled GPP (GPPVPM) using vegetation photosynthesis model (VPM) was compared with the 
GPP (GPPEC) estimated from eddy covariance measurements. The VIs tracked soybean phenology well and delineated the 
growing season length (GSL), which was closely related to carbon uptake period (CUP, R2 = 0.84), seasonal sums of net 
ecosystem CO2 exchange (NEE, R2 = 0.78), and GPPEC (R2 = 0.54). Land surface water index (LSWI) tracked drought-im-
pacted vegetation well, as the LSWI values were positive during non-drought periods and negative during severe droughts 
within the soybean growing season. On a seasonal scale, NEE of the soybean sites ranged from –37 to –264 gCm–2. The 
result suggests that rainfed soybean fields needed about 450–500 mm of well-distributed seasonal rainfall to maximize 
the net carbon sink. During non-drought conditions, VPM accurately estimated seasonal dynamics and interannual vari-
ation of GPP of soybean under different management practices. However, some large discrepancies between GPPVPM and 
GPPEC were observed under drought conditions as the VI did not reflect the corresponding decrease in GPPEC. Diurnal 
GPPEC dynamics showed a bimodal distribution with a pronounced midday depression at the period of higher water va-
por pressure deficit (>1.2 kPa). A modified Wscalar based on LSWI to account for the water stress in VPM helped quan-
tify the reduction in GPP during severe drought and the model’s performance improved substantially. In conclusion, this 
study demonstrates the potential of integrating vegetation activity through satellite remote sensing with ground-based 
flux and climate data for a better understanding and upscaling of carbon fluxes of soybean croplands.   
Keywords: Gross primary production, Light use efficiency, Remote sensing, Vapor pressure deficit, Vegetation indices, 
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used to estimate GPP and net primary production (NPP) at 1 km spa-
tial resolution (Running et al., 2004). These products provide valu-
able estimates of vegetation productivity, but it is important to val-
idate these products with in-situ measurements. The NEE and GPP 
measurements from the eddy flux tower at the ecosystem-level pro-
vide opportunities for validating the MODIS NPP and GPP products 
(Turner et al., 2006). 
While the majority of eddy flux tower sites are in natural and 
unmanaged ecosystems, a few eddy flux towers are established in 
managed agricultural ecosystems. More accurate information on 
GPP of croplands is of vital importance. In the U.S. North Central 
Region, agricultural row crops, small grain, and fallow land occupy 
40% of the land area. Moreover, annual rotation of maize (Zea mays 
L.) and soybean (Glycine max L.) comprises 83% of the agricultural 
land devoted to row crops, small grain, and fallow. However, only a 
few short term NEE studies have been reported in soybean (Baker 
and Griffis, 2005; Gilmanov et al., 2014; Hollinger et al., 2005; Suyker 
et al., 2005). These studies have shown that soybean fields are near 
carbon neutral or even a small source of carbon on annual scales. 
There is still a lack of detailed information on carbon fluxes and the 
influence of major environmental factors on carbon fluxes of soy-
bean fields under different management practices. 
Maize/soybean rotations in the U.S. are either rainfed or irrigated 
agricultural ecosystems. Both conventional till and no-till manage-
ment practices are common. It is known that carbon fluxes are sub-
ject to change with different management practices (Angers et al., 
1997; Winjum et al., 1992). Accurate estimation of spatial patterns 
and temporal dynamics of GPP of soybean fields at larger spatial 
scales under different management practices is essential to improve 
our understanding of carbon dynamics of this globally important 
ecosystem. Thus, it is necessary to upscale site-specific flux obser-
vations beyond spatial limits of flux tower footprints. One upscaling 
approach is to use satellite remote sensing observations and climate 
data (Turner et al., 2003). Repetitive and systematic satellite remote 
sensing observations of vegetation dynamics and ecosystems allow 
us to characterize vegetation structure, and estimate GPP and NPP 
(Potter et al., 1993; Ruimy et al., 1994). A satellite-derived vegetation 
photosynthesis model (VPM) estimates GPP at daily to 8-day tempo-
ral scales and has been evaluated over several flux tower sites (Xiao 
et al., 2004a). Previous work has examined the simulated dynamics 
of GPP for the maize growing seasons from two of three study sites 
selected in this study (Kalfas et al., 2011). The GPP simulation of soy-
bean systems under a range of hydrometeorological conditions is 
a focus of this study. Eddy covariance flux data and MODIS-derived 
vegetation indices (VIs) from three soybean fields were used to: (a) 
test the capabilities of remotely sensed VIs and soybean phenology 
to estimate seasonal carbon dynamics, and (b) explore the underly-
ing mechanisms of environmental controls of CO2 fluxes in soybean 
systems. In addition, we also compared the modeled GPP (GPPVPM) 
using VPM and the MODIS GPP (GPPMOD17A2) with GPP (GPPEC) es-
timated from eddy covariance measurements. 
2. Materials and methods 
2.1. The study sites 
2.1.1. The Rosemount site (US-Ro1) 
This site (44.7143°N, 93.0898°W) is located at the University of Min-
nesota’s Rosemount Research and Outreach Center, near St. Paul, 
Minnesota. Soil type is Waukegan silt loam (fine, mixed, mesic typic 
Hapludoll) with a surface layer of high organic carbon content (2.6% 
average) and variable thickness (0.3–2.0 m) underlain by coarse out-
wash sand and gravel. Prior to cultivation, the site was an upland 
dry prairie consisting mainly of C4 and C3 grasses. The harvesting 
of wheat (Triticum aestivum L.) began in 1879. Maize was consis-
tently planted annually between 1998 and 2001. From 2002, it was 
changed to conventional-till management maize-soybean annual ro-
tation field. This is a rainfed agricultural system. Further information 
on site characteristics can be found in Griffis et al. (2007) and at the 
AmeriFlux website: http://ameriflux.ornl.gov/fullsiteinfo.php?sid=63 . 
2.1.2. The Mead irrigated rotation site (US-Ne2) 
This site (41.1649°N, 96.4701°W) is located at the University of Ne-
braska Agricultural Research and Development Center, near Mead, 
Nebraska. The site is irrigated with a center-pivot system. This site 
had a 10-year history of maize-soybean rotation under no-till prac-
tice. A tillage operation (disking) was done just prior to the 2001 
planting to homogenize the top 0.1 m of soil and to incorporate P 
and K fertilizers, as well as previously accumulated surface residues. 
Since this tillage operation, the site has been under no-till manage-
ment. This site has deep, silty-clay loam soils. Details about this site 
can be found in Suyker et al. (2005) and at the AmeriFlux website: 
http://ameriflux.ornl.gov/fullsiteinfo.php?sid=73 . 
2.1.3. The Bondville site (US-Bo1) 
This site (40.0062°N, 88.2904°W) is located in the Midwestern part 
of the United States, near Champaign, Illinois. The site has been in 
continuous no-till (since 1986) with alternating years of soybean 
and maize from 1996 to the present (maize in the odd years and 
soybean in the even years). This is a rain-fed agricultural system. 
Soil type is silt loam consisting three soil series (Dana, Flanagan, 
and Drummer). Detailed site descriptions and measurements can be 
found in Meyers and Hollinger (2004) and at the AmeriFlux website: 
http://ameriflux.ornl.gov/fullsiteinfo.php?sid=44 . 
2.2. CO2 flux measurements 
Flux densities of CO2, sensible heat, latent heat, and momentum 
were measured using the eddy covariance technique. Site-specific 
climate data [air temperature, precipitation, photosynthetically active 
radiation (PAR), and soil water content] and Level-4 CO2 flux data 
were acquired from the AmeriFlux website: http://ameriflux.ornl.gov/ 
. The Level-4 data consists of CO2 fluxes at half-hourly, daily, 8-day, 
and monthly time steps. The Marginal Distribution Sampling (MDS) 
method was used to fill gaps in data (Reichstein et al., 2005). Mea-
sured NEE data were partitioned to GPP and ER. Two years of data 
(2004 and 2006) for the Rosemount site (US-Ro1), two years of data 
(2002 and 2004) for the Mead irrigated rotation site (US-Ne2), and 
three years of data (2002, 2004, and 2006) for the Bondville site (US-
Bo1) were used in this study. We determined the carbon uptake pe-
riod (CUP) as the number of days when the ecosystem was a net sink 
of carbon (negative NEE). The CUP starts when vegetation is large 
enough to photosynthesize at higher rate than the rate of ER. The 
CUP ends after the senescence of vegetation when ER is higher than 
GPP. We summed NEE and GPP for the period of soybean growing 
season (May–October) to get seasonal sums. 
2.3. Satellite-derived VIs data 
The 8-day composite Land Surface Reflectance (MOD09A1) data 
from one MODIS pixel where the flux tower is geo-located were 
downloaded from the MODIS data portal at the Earth Observa-
tion and Modeling Facility (EOMF), University of Oklahoma (http://
eomf.ou.edu/visualization/gmap/). Blue, green, red, near infrared 
(NIR), and shortwave infrared (SWIR) bands were used to derive VIs 
[enhanced vegetation index (EVI, Huete et al., 2002), normalized 
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difference vegetation index (NDVI, Tucker, 1979), and land surface 
water index (LSWI, Xiao et al., 2004a)] as follows: 
                                  NDVI =
 ρnir − ρred 
              ρnir + ρred                                                          
(1) 
                
EVI = 2.5 ×
               ρnir − ρred 
              ρnir + (6 × ρred – 7.5 × ρblue) + 1                  
(2) 
                                  LSWI =   
ρnir − ρswir 
           ρnir + ρswir                                      
(3) 
where ρ is surface reflectance in the wavelength band. 
2.4. Growing season length based on VIs 
The growing season length (GSLVI) based on remotely sensed VIs 
was determined as the numbers of days the VIs (EVI and NDVI) were 
greater than given threshold values for each site–year. The threshold 
values were determined when NDVI and EVI stated to rise at the be-
ginning of the crop growing season, and declined and approached 
to similar threshold values during harvesting or crop senescence. As 
both NDVI and EVI followed the same seasonal pattern there was no 
difference in the GSL as derived from NDVI or EVI. The threshold EVI 
values were about 0.20 and the NDVI values were about 0.30 across 
three sites. The EVI values were summed for the period of soybean 
growing season (May–October) to derive seasonal sums. 
2.5. Vegetation photosynthesis model (VPM) and parameter 
estimations 
The VPM estimates GPP as: 
GPPVPM = εg × FPARchl × PAR                         (4) 
where εg is the light use efficiency [LUE, gCmol
–1 photosynthetic 
photon flux density (PPFD)], FPARchl is the fraction of PAR absorbed 
by chlorophyll, and PAR is the photosynthetically active radiation. 
The detailed description of VPM can be found in previous publi-
cations (Xiao et al., 2004a,b). Here only a brief review is presented. 
In VPM, FPARchl is estimated as a linear function of EVI, and the 
coefficient a is set to be 1.0 (Xiao et al., 2004a): 
FPARchl = a ×EVI                                    (5) 
Light use efficiency (εg) is affected by temperature and water 
stresses, and expressed as: 
εg = ε0 × Tscalar × Wscalar                              (6) 
where ε0 is the apparent quantum yield or maximum light use ef-
ficiency (gCmol–1 PPFD), and Tscalar and Wscalar are scalars ranging 
from 0 to 1 that characterize the effects of temperature and water 
on GPP, respectively. 
The ecosystem-level ε0 values differ with vegetation types and 
can be determined from analysis of the NEE-PPFD relationship at 
eddy flux tower sites (Goulden et al., 1997). As the maximum value 
of e0 can be observed during peak growth, the ε0 parameter was 
estimated using the Michaelis–Menten function (Eq. (7)) based on 
7-day flux data at 30-min intervals during peak soybean growth. 
                         NEE = 
ε0 × GPPmax × PPFD   + ER
           ε0 × PPFD + GPPmax                                   
(7) 
where GPPmax is the maximum canopy CO2 uptake rate (μmol m
–2 
s–1) at light saturation and ER is the ecosystem respiration. The larg-
est observed ε0 value was approximately 0.07 mol CO2 mol
–1 PPFD 
(0.84 gCmol–1 PPFD) at the Bondville site (July 24–31, 2004) and 
the Rosemount site (August 8–15, 2004). The largest ε0 value was 
approximately 0.053 mol CO2 mol
–1 PPFD (0.64 gCmol–1 PPFD) at the 
Mead site (July 24–31, 2004). Gilmanov et al. (2014) also reported 
a similar value of maximum ε0 (0.068 mol CO2 mol
–1 PPFD) for soy-
bean at the Rosemount site. To avoid circularity in the modeling ap-
proach, single maximum value (0.07 mol CO2 mol
–1 PPFD) of ε0 was 
used to model GPP across all site–years instead of using site- and 
year-specific maximum ε0 values. 
The Tscalar for each time step was estimated as in Terrestrial 
Ecosystem Model (Raich et al., 1991): 
                   Tscalar =          
(T − Tmin)(T − Tmax) 
                  (T − Tmin)(T − Tmax) − (T − Topt)
2                    
(8) 
where Tmin, Tmax, and Topt represent minimum, maximum and opti-
mal temperature for photosynthesis, respectively. Values of Tmin, Tmax, 
and Topt vary depending on crop type. In this study, Tmin, Topt, and 
Tmax values were set to −1 °C, 28 °C, and 50 °C, respectively. Study 
of the relationship between plant development and temperature for 
soybeans showed the optimum temperature range of about 28–30 
°C (Brown, 1960). From the examination of GPPEC–temperature re-
lationship in these flux tower sites, maximum GPPEC was observed 
at approximately 28 °C (data not shown). 
In the situation with LSWIP ≥ 0 during the growing season, 
Wscalar was estimated as follows: 
                                 Wscalar =  
1 + LSWI 
                1 + LSWImax                                    
(9) 
where LSWImax represents the maximum LSWI during the growing 
season. Mean seasonal cycle of LSWI over the study period was cal-
culated and then the maximum LSWI during the growing season was 
selected as an estimate of LSWImax. 
The rain-fed Bondville site experienced severe drought during an 
early part of the 2002 soybean growing season (mid-June to mid-
July), while other study sites did not experience severe drought. 
To examine the ability of LSWI to track this drought, the seasonal 
evolution of LSWI for individual years of the study period and also 
the mean seasonal cycle of LSWI for the soybean growing seasons, 
even years from 2000 to 2012, were plotted (Fig. 1). Fig. 1 shows 
that long-term mean LSWI values during 2000–2012 (even years) 
and LSWI values in 2004 and 2006 were positive during the active 
growing season, from mid-June to mid-September, but LSWI val-
ues in dry periods of 2002 were negative at the Bondville site. To 
account for the effect of water stress on photosynthesis, a modified 
approach of Wscalar calculation (Eq. (10)) for the drought period (re-
flected by LSWI < 0 within the plant growing season) has recently 
been incorporated in VPM (Wagle et al., 2014). As no negative LSWI 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Seasonal dynamics of MODIS-derived land surface water index 
(LSWI) at the Bondville site. Mean LSWI represents average LSWI for the 
soybean growing seasons from 2000 to 2012 (even years).  
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values within the soybean growing season were observed at the 
Rosemount and Mead sites, the Eq. (10) was used only at the Bond-
ville site for the period of severe drought (mid-June to mid-July 
2002 when LSWI < 0). 
Wscalar = long-term mean LSWImax + LSWI                    (10) 
A maximum value of LSWI (0.35) from the mean seasonal cycle of 
LSWI during the 2000–2012 soybean growing seasons (even years) 
was used as a long-term mean LSWImax. This long-term mean LS-
WImax helps measure a deviation during drought compared to the 
normal condition. 
2.6. A comparison of GPPEC with the standard MODIS-GPP 
product (MOD17A2) 
The MODIS Land Science Team makes the standard MODIS-GPP/ 
NPP product (MOD17A2) available to the public (Running et al., 
1999b), which is computed as follows: 
GPPMOD17A2 = ε × FPAR × PAR                         (11) 
where ε is light use efficiency, FPAR is the fraction of PAR absorbed 
by the canopy, and PAR is photosynthetically active radiation. In 
the MODIS-GPP algorithm, two scalars (Tmin_scalar and VPD_scalar) 
attenuate εmax (maximum theoretical LUE for each vegetation type) 
to produce the final ε as follows: 
ε = εmax × Tmin_scalar × VPD_scalar                   (12) 
FPAR in the MODIS-GPP algorithm comes from the MODIS Leaf 
Area Index and FPAR 8-day L4 data product (MOD15A2), which is 
based on the inversion of radiative transfer models and NDVI data (if 
the inversion of radiative transfer models fails) (Myneni et al., 2002). 
The MODIS GPP product (GPPMOD17A2) has 8-day temporal resolu-
tion and 1 km spatial resolution. The GPPMOD17A2 (MOD17A2) and 
FPAR (MOD15A2) data were downloaded from the Oak Ridge Na-
tional Laboratory Distributed Active Archive Center (ORNL DAAC) 
website: http://daac.ornl.gov/MODIS/modis.html . 
3. Results and discussion 
3.1. Seasonal dynamics, magnitudes, and budgets of soybean 
GPP and NEE 
Different magnitudes of NEE and GPPEC were observed across 
study sites (Fig. 2, Table 1). The GPPEC started to rise (>1 gCm
–2 
day–1) at the beginning of the crop growing season (mid-May or 
later) and then fell below 1 gCm–2 day–1 after crop senescence 
Fig. 2. Seasonal dynamics of net ecosystem CO2 
exchange (NEE) and gross primary production 
(GPPEC) at three soybean flux sites. Each data 
point represents an average value of 8-day 
composites. 
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(mid-September). The GPPEC was >1 gCm
–2 day–1 for about 81–113 
days across the study sites. Generally, the CUP of the ecosystems 
ranged from 65 to 89 days (2–3 months). July and August were pe-
riods of carbon uptake for soybean across all sites. Both GPPEC and 
NEE reached peak values during mid-July to mid-August. 
Slightly smaller magnitudes of GPPEC (9.6–11.35 gCm
–2 day–1) 
and NEE (−4.65 to −5.06 gCm–2 day–1) were observed at the con-
ventional-till (Rosemount) site compared to no-till Mead and Bond-
ville sites (Fig. 2, Table 1). At the Mead site, GPPEC magnitude ranged 
from 13.76 to 14.26 gCm–2 day–1 and NEE magnitude ranged from 
−5.16 to −5.79 gCm–2 day–1. The magnitudes of GPPEC and NEE in 
2002 and 2006 at the rainfed Bondville site were similar to those of 
the irrigated Mead site, except slightly larger GPPEC (17.96 gCm
–2 
day–1) and NEE (−9.16 gCm–2 day–1) magnitudes in 2004, a year with 
well-distributed seasonal rainfall of 481 mm. 
The value of integrated NEE and GPPEC at the end of the growing 
season provides a summary of seasonal carbon budgets of ecosys-
tems. Soybean sites were net sinks of carbon for all site–years (Table 
1). However, seasonal carbon budgets exhibited spatial and tempo-
ral variability. The rainfed Rosemount site was a small sink of car-
bon in both years of the study period. The site gained −59 gCm–2 
during the 2006 growing season when seasonal rainfall was 392 
mm, but it gained only −37 gCm–2 during the 2004 growing sea-
son even though seasonal rainfall was 571 mm. This was because 
of lack of well-distributed rainfall: 60% of the seasonal rainfall oc-
curred in May and September 2004 while the most active growing 
period (June–August) was relatively dry (data not shown). Similarly, 
seasonal sums of NEE and GPPEC were less in the rainfed Bondville 
site when the site received only 347 mm of seasonal rainfall. How-
ever, the Bondville site was a larger sink of carbon even than the ir-
rigated Mead site when it received over 450 mm of well-distrib-
uted seasonal (May–October) rainfall. This result is well supported by 
Fig. 3. Seasonal sums of net ecosystem productivity (NEP = −NEE), 
GPPEC, and EVI were higher when rainfall was 450–500 mm (Fig. 3), 
suggesting that rainfed soybean fields needed about 450–500 mm 
of well-distributed seasonal rainfall to maximize net carbon uptake 
and to maintain high productivity. 
3.2. Seasonal dynamics of VIs 
Fig. 4 shows seasonal dynamics of NDVI, EVI, and LSWI for the study 
sites during the study period. The LSWI values were larger in winter 
due to snow cover. Values dropped below zero in late spring before 
soybean planting, started to increase at the beginning of the grow-
ing season, and became positive through harvest. Similarly, NDVI 
and EVI started to increase at the beginning of the growing season 
(May), reached peak values during peak growth (July–August), and 
declined after crop senescence or harvest (October). The seasonal 
distribution of VIs followed that of the carbon fluxes. 
For a better characterization of the seasonal dynamics of soy-
bean NDVI, EVI, and LSWI, mean seasonal cycles of NDVI, EVI, and 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Seasonal dynamics, magnitudes, and budgets of net ecosystem CO2 exchange (NEE) and gross primary production (GPPEC), and seasonal 
(May–October)* cumulative rainfall (mm) at three soybean flux sites. 
       GPPEC > 1    Max.     Max.   May–October    May–October 
Site – crop   GSLVI  CUP  gCm
−2day−1    GPPEC    NEE   sum NEE     rainfall  
 Year (DOY) (DOY) (DOY) (gCm−2day−1 ) (gCm−2day−1)  (GPP) (mm)
Rosemount – soybean  2004  152–280  184–248  184–264  9.6  −5.06  −37 (586)  571 
 2006  144–280  169–241  161–241  11.35  −4.65  −59 (742)  392 
Mead – soybean  2002a  144–280  169–241  145–257  14.26  −5.16  −141 (936)  637 
 2004  152–288  192–248  168–264  13.76  −5.79  −48 (877)  592 
Bondville – soybean  2002  144–280  185–249  145–257  13.31  −6.07  −127 (684)  347 
 2004  128–280  152–232  136–248  17.96  −9.16  −264 (1194)  481 
 2006  128–280  161–249  153–257  14.29  −5.65  −167 (950)  477 
DOY represents Day of the Year. Daily NEE and GPPEC values for the period of May to October (soybean growing season) were summed to get sea-
sonal NEE and GPPEC sums (gCm−2). 
* As NEE and GPPEC data were only available from May 15, 2002 at the Mead site, seasonal sums of NEE and GPPEC were derived from May 15 to 
the end of October. 
Fig. 3. Relationships between seasonal (May–October) rainfall on sea-
sonal sums of net ecosystem productivity (NEP = −NEE, net ecosystem 
CO2 exchange), gross primary production (GPPEC), and enhanced veg-
etation index (EVI) across three soybean flux sites  
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Fig. 4. Seasonal dynamics of MODIS-derived 
vegetation indices (NDVI, EVI, and LSWI) for 
the study period at three soybean flux sites. 
Fig. 5. A comparison of seasonal mean cycles 
of MODIS-derived vegetation indices (NDVI, 
EVI, and LSWI) based on soybean growing 
years (even years from 2000 to 2012) for 
three soybean flux sites. 
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LSWI were determined based on seven years of available data for 
the soybean growing seasons (even years from 2000 to 2012) and 
compared across three locations (Fig. 5). All three VIs followed sim-
ilar temporal patterns and magnitudes during the soybean grow-
ing season across all soybean sites. The maximum NDVI, EVI, and 
LSWI values across three sites ranged between 0.83 and 0.87, 0.66 
and 0.70, and 0.28 and 0.35, respectively. 
3.3. Correlation of GSL from remote sensing with the CUP and 
seasonal sums of NEE and GPPEC 
It is well known that the CUP starts after a certain period of vegeta-
tion growth once the vegetation is large enough to photosynthesize 
at a higher rate than the rate of ER, and the CUP terminates when 
ER is higher than GPP even though vegetation growth continues 
(Churkina et al., 2005). As a result, GSLVI was longer than the CUP for 
each site–year (Table 1). However, as the seasonal dynamics of car-
bon fluxes corresponded well with the vegetation dynamics, regres-
sion analysis showed a strong linear relationship (R2 = 0.84) between 
the CUP and GSLVI (Fig. 6). Similarly, GSLVI was strongly correlated 
with the seasonal sums of NEP (net ecosystem production = −NEE, 
R2 = 0.78) and GPP (R2 = 0.54). The results suggest that the length 
of the vegetation activity period derived from satellite-derived NDVI 
and EVI can be inferred to determine the CUP and seasonal sums of 
NEE and GPP, consistent with a previous study (Churkina et al., 2005). 
3.4. Relationships between VIs and GPPEC 
Strong relationships between VIs (NDVI and EVI) and GPPEC were ob-
served at all sites (Fig. 7). The results indicate that EVI had a slightly 
stronger linear relationship with GPPEC than did NDVI, consistent 
with previous studies in forests (Xiao et al., 2004a,b), upland crops 
(winter wheat and maize) (Kalfas et al., 2011; Yan et al., 2009), and 
grasslands (Li et al., 2007; Wagle et al., 2014). Since NDVI has been 
widely used for remote sensing based applications, these findings 
indicate that the use of EVI instead of NDVI could provide better re-
sults for remote sensing based applications. 
3.5. Seasonal dynamics of GPP as predicted by VPM 
The seasonal dynamics of GPPVPM were compared with the GPPEC 
over the soybean growing seasons (Fig. 8). Seasonal dynamics of 
GPPVPM agreed reasonably well with those of GPPEC. However, there 
still exist large differences between GPPVPM and GPPEC for a few 
8-day periods. These discrepancies might be attributed to three er-
ror sources. The first error source is the sensitivity of the GPPVPM to 
weather data (temperature, PAR or PPFD). For example, VPM pre-
dicts higher GPPVPM at higher PPFD. But that might not always be 
true as the response of CO2 flux to PPFD varies under different cli-
matic conditions. It was well supported by the observed different 
responses of NEE to PPFD at the Bondville site during mid-June to 
mid-July for 2002 and 2004 (Fig. 9). It is important to note that the 
Bondville site is a rainfed agriculture system. In 2004 when there 
was no drought, NEE increased with increasing PPFD and no indica-
tion of NEE saturation was observed up to 2000 μmol m–2 s–1 PPFD. 
But during drought in 2002, the maximum NEE was observed at 
PPFD levels of 1000–1500 μmol m–2 s–1 and NEE decreased consid-
erably when PPFD increased further. The second error source is un-
certainty in estimation of GPPEC as GPPEC is calculated as the resid-
ual between measured NEE and modeled daytime ER. Daytime ER 
modeling and NEE measurements by eddy covariance systems in-
troduce some error and uncertainty. Thus, it is difficult to assess all 
error and uncertainty introduced. The third error source is time-se-
ries data of satellite-derived VIs. The 8-day MODIS composite image 
has no bidirectional reflectance distribution function (BRDF) correc-
tion or normalization to account for the effect of angular geome-
try on surface reflectance and VIs. The composite procedure used 
in the production of MOD09A1 also affects the results. The first and 
second sources of error are most likely to have the greater influence 
on the discrepancy between GPPVPM and GPPEC. However, further in-
vestigations are necessary to determine the relative role of individ-
ual sources of error. 
Overall, there is good agreement between GPPVPM and GPPEC (Ta-
ble 2). Values of integrated GPPVPM over the growing season were 
591 gCm–2 in 2004 and 808 gCm–2 in 2006 at the Rosemount site, 
while seasonal totals of GPPEC were 569 and 745 gCm
–2 in the re-
spective years (Table 3). The results indicate that the model overes-
timated GPP by 4% and 8% in 2004 and 2006, respectively. At the 
Mead site, growing season integrated GPPVPM was 1% and 8% lower 
than GPPEC in 2002 and 2004, respectively. At the Bondville site, the 
model overestimated GPP by 22% in 2002, and underestimated by 
17% and 4% in 2004 and 2006, respectively. Larger discrepancies 
between GPPEC and GPPVPM in 2002 and 2004 as compared to 2006 
can be explained by the drastically different patterns of NEE and GPP 
Fig. 6. Relationships between growing season length based on vegeta-
tion indices (GSLVI), carbon uptake period (CUP), and seasonal sums of 
net ecosystem productivity (NEP = −NEE, net ecosystem CO2 exchange) 
and gross primary production (GPPEC) across three soybean flux sites. 
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for those years (Fig. 10). The ecosystem did not start to gain carbon 
(negative NEE) until the first week of July in 2002 because the crop 
was not planted till 2nd June while normally it is planted in early to 
mid-May. Also the site experienced a severe drought from mid-June 
through mid-July 2002. In contrast, the site started gaining carbon 
a month earlier (1st week of June) in 2004 and three weeks earlier 
(2nd week of July) in 2006. The GPPEC started to rise earlier and at-
tained larger magnitude in 2004 while it was heavily suppressed 
until mid-July in 2002. This over- or under-estimation of GPPEC in 
2002 and 2004 was partly explained by a smaller difference in EVI, 
but a larger difference in GPPEC over the years (Fig. 10). For exam-
ple, GPPEC in mid-July was 12.82 gCm
–2 day–1 in 2006 while it was 
3.82 gCm–2 day–1 (70% lower) in 2002 and 17.96 gCm–2 day–1 (40% 
higher) in 2004. In contrast, EVI in mid-July was 0.71 in 2006 while 
it was 0.46 (35% lower) in 2002 and 0.82 (16% higher) in 2004. This 
result showed that change in EVI was about two folds smaller than 
that of GPPEC, suggesting that GPP is more sensitive to weather con-
ditions (extremely favorable or unfavorable) than EVI. 
To examine further the sensitivity of GPP to drought, diur-
nal patterns of GPPEC and major environmental drivers [PPFD, air 
temperature, and vapor pressure deficit (VPD)] were compared for 
drought and non-drought periods at the Bondville site (Fig. 11). Dur-
ing drought with high VPD, GPPEC increased rapidly after sunrise fol-
lowing the trend of PPFD and then decreased suddenly at around 
8:00 AM when VPD reached ~1.2 kPa. The GPPEC again started to in-
crease in the afternoon and reached the second peak at 4:00 PM af-
ter VPD started to decline. The VPD reached a peak (2.5 kPa) at 3:00 
PM. As a result, GPPEC showed a bimodal distribution (Fig. 11a). A 
symmetrical diurnal GPPEC cycle with a unimodal distribution follow-
ing the same pattern of PPFD was observed when the maximum VPD 
was smaller than 1.2 kPa during a non-drought period (Fig. 11b). 
These results illustrated that VPD > 1.2 kPa started to limit photo-
synthesis in soybean via stomatal regulation. Bunce (1984) showed 
decreased stomatal conductance in soybean at VPD of 3 kPa com-
pared with 1 kPa. The results indicate that overestimation of GPP by 
the model during the period of higher VPD (drought) can be attrib-
uted to the inability of the model to account for the pronounced 
midday depression of GPPEC as shown in Fig. 11a. Gilmanov et al. 
(2014) also reported strong limitation of plant productivity of le-
gumes including soybean in periods of water deficit and higher VPD. 
Fig. 7. Relationships between vegetation 
indices (normalized difference vegetation 
index, NDVI, and enhanced vegetation index, 
EVI) and gross primary production (GPPEC) 
during the active growing season (GPP > 
1 gCm−2 day−1) at three soybean flux sites. 
Simple linear regression models were highly 
significant (P < 0.0001). 
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The limitation of canopy CO2 exchange necessitated the modifica-
tion of the classical rectangular or nonrectangular hyperbolic light-
PPFD equation by introducing the VPD-dependent control of pho-
tosynthetic uptake (Gilmanov et al., 2014; Lasslop et al., 2010; Wagle 
and Kakani, 2014b). 
During drought, several environmental factors (high PPFD, VPD, 
and temperature, and low soil water content) are tightly linked to 
each other and can exert confounding effects on the sensitivity of 
CO2 fluxes to these controlling factors (Wagle and Kakani, 2014a). 
Interestingly, LSWI tracked drought well (Fig. 1). With the modified 
Fig. 8. A comparison of seasonal 
dynamics and interannual variations of 
gross primary production from flux tower 
(GPPEC) and vegetation photosynthesis 
model (GPPVPM) at three soybean flux 
sites. 
Fig. 9. Relationship between soybean 
net ecosystem CO2 exchange (NEE) 
to photosynthetic photon flux density 
(PPFD) during mid-June to mid-July 2002 
(a) and 2004 (b) at the Bondville site. 
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approach of Wscalar calculation in VPM, the model performance im-
proved substantially in 2002 at the Bondville site: R2 value for the 
simple linear regression between GPPEC and GPPVPM increased from 
0.76 to 0.89 (Table 2) and overestimation of GPP dropped down to 
7% from 22% (Table 3). Similarly, RMSE and MAE dropped from 2.3 
to 1.43 gCm–2 and from 1.85 to 1.21 gCm–2, respectively (Table 3). 
A number of investigators have explored and coined different 
names for remote sensing products related to canopy water con-
tent or water stress. For example, normalized difference infrared in-
dex (NDII) (Yilmaz et al., 2008), normalized difference of Landsat TM 
bands 4 and 5 (ND45) (Kimes et al., 1981), shortwave infrared water 
stress index [SIWSI(6,2)] (Fensholt and Sandholt, 2003), and normal-
ized difference water index (NDWI) (Jackson et al., 2004; Maki et al., 
2004). The LSWI used in this study employs the normalized difference 
between the NIR (0.78–0.89 μm) and SWIR (1.58–1.75 μm) spectral 
bands (Xiao et al., 2004a). There is a need to use a single term in the 
community, which could reduce confusion among the users. It is also 
necessary to further evaluate and compare those indices that use dif-
ferent spectral near infrared and shortwave infrared bands. 
3.6. Seasonal dynamics of MODIS-GPP (GPPMOD17A2) 
product 
A comparison of GPPMOD17A2 and GPPEC shows that GPPMOD17A2 was 
substantially lower than GPPEC (Fig. 12). GPPMOD17A2 also did not fol-
low the clear seasonal trend observed in GPPEC for the Rosemount 
and Mead sites. As a result, GPPMOD17A2 showed poor relationships 
with EVI (R2 = 0.14 at the Rosemount site and R2 = 0.13 at the Mead 
Fig. 10. Seasonal dynamics of soybean net ecosystem CO2 exchange (NEE), gross primary production (GPPEC), and enhanced vegetation index (EVI) 
at the Bondville site. 
Table 2. Linear regression coefficients and coefficient of determination (R2) of gross primary production from flux tower (GPPEC), vegetation photo-
synthesis model (GPPVPM), and MODIS GPP (GPPMOD17A2) for three soybean flux sites. 
   GPPEC = a × GPPVPM  GPPEC = a × GPPMOD17A2 
Site – crop Year  Slope  R2  Slope  R2 
Rosemount – soybean  2004  0.97  0.58  1.16  0.55 
 2006  0.93  0.75  1.49  0.16 
 Two years  0.94 0.70  1.32  0.25 
Mead – soybean  2002  1.03  0.76  2.51  0.09 
 2004  1.10  0.85  2.1  0.49 
 Two years  1.06  0.80  2.25  0.24 
Bondville – soybean  2002  0.96 (0.88)  0.89 (0.76)  1.09  0.62 
 2004  1.20  0.89  1.68  0.73 
 2006  1.06  0.96  1.46  0.78 
 Three years  1.1  0.89  1.42  0.66 
Two different approaches (Eqs. (9) and (10)) of Wscalar (a down-regulation scalar to account for the effect of water stress on GPP) calculation was used 
for normal and drought periods, respectively. Slope and R2 value in brackets ( ) represent the results when Wscalar was determined based on Eq. (9) 
during drought. 
Table 3. Seasonally integrated sums of tower based (GPPEC), modeled (GPPVPM), and MODIS (GPPMOD17A2) gross primary production (gCm−2), root 
mean square error (RMSE, gCm−2), and mean absolute error (MAE, gCm−2) for three soybean flux sites. 
Site – crop  Year  GPPEC  GPPVPM  MAE  RMSE  GPPMOD17A2  MAE  RMSE 
Rosemount – soybean  2004  569  591  1.45  1.70  495  1.78  1.98 
 2006  745  808  1.43  1.74  499  3.47  3.96 
Mead – soybean  2002  918  906  1.86  2.33  364  5.28  6.53 
 2004  860  791  1.61  1.95  423  4.7  5.61 
Bondville – soybean  2002 660  706 (806)  1.21 (1.85)  1.43 (2.30)  672  2.28  2.7 
 2004  1198  996  2.26  2.80  760  4.41  5.47 
 2006  948  906  0.74  0.93  676  2.96  3.45 
Two different approaches (Eqs. (9) and (10)) of Wscalar (a down-regulation scalar to account for the effect of water stress on GPP) calculation was used 
for normal and drought periods, respectively. GPPVPM, MAE, and RMSE values in brackets ( ) represent results when Wscalar was determined based on 
Eq. (9) during drought. Each value of GPPVPM and GPPMOD17A2 were multiplied by eight (days) and summed to obtain seasonal values for the period 
of GPPEC > 1 gCm
−2 day−1. 
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Fig. 11. Relationship between 
soybean gross primary 
production (GPPEC) and 
photosynthetic photon flux 
density (PPFD), air temperature 
(Temp), and vapor pressure 
deficit (VPD) during mid-June 
to mid-July 2002 (a) and 2004 
(b) at the Bondville site. Bars 
represent standard errors of the 
means. 
Fig. 12. A comparison of the seasonal dynamics 
and interannual variations of flux tower gross 
primary production (GPPEC) and MODIS GPP 
(GPPMOD17A2) at three soybean flux sites.  
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site) while GPPEC and GPPVPM had strong linear relationships with 
EVI (GPPEC vs. EVI: R
2 = 0.84 at the Rosemount site and R2 = 0.74 at 
the Mead site, Fig. 7; GPPVPM vs. EVI: R
2 = 0.66 at the Rosemount 
site and R2 = 0.90 at the Mead site). GPPMOD17A2 also showed poor 
relationships with FPAR (R2 = 0.27 at the Rosemount site and R2 = 
0.37 at the Mead site) at these sites. There were also clear differ-
ences in the seasonal evolution of FPAR and EVI at the Rosemount 
and Mead sites, especially an early rise of FPAR in the spring (Fig. 
13). Because of this FPAR effect, GPPMOD17A2 started its spring rise 
early across all site–years, consistent with previous studies (Turner 
et al., 2005, 2006). Relatively similar patterns of FPAR and EVI at the 
Bondville site resulted in strong relationships of GPPMOD17A2 with 
FPAR (R2 = 0.81) and EVI (R2 = 0.71). However, the magnitude of 
GPPMOD17A2 was still substantially lower than that of GPPEC. Note that 
GPPVPM followed similar seasonal trends and magnitude of GPPEC 
across the sites (Fig. 8). Large discrepancies of GPPMOD17A2 with GP-
PVPM can be traced to differences in input parameters of VPM and 
MODIS GPP algorithm (Eqs. (4) and (11), respectively). Consistently 
larger FPAR than EVI across all site–years (Fig. 13), but substantially 
smaller GPPMOD17A2 as compared to GPPVPM indicates that such un-
derestimation of GPPMOD17A2 is associated with low value for vegeta-
tion LUE (ε) in the MODIS GPP algorithm. The MODIS GPP algorithm 
uses ε value of 0.15 gCmol–1 PPFD for all grasslands and croplands 
on the assumption that biome-specific maximum theoretical maxi-
mum LUE (εmax) do not vary with space or time. However, it has been 
shown that LUE in fact varies widely among biome types and in re-
sponse to environmental conditions (Gower et al., 1999; Scott Green 
et al., 2003). The tower-based ε0 value, derived from the NEE-PPFD 
relationship (one week data) at the peak growth, used for the GP-
PVPM estimations in this study was 0.84 gCmol
–1 PPFD. Since eddy 
flux tower sites provide a strong rationale for validation and param-
eterization of the MODIS GPP product (Turner et al., 2006), this study 
suggests that more comprehensive validation of the MODIS prod-
ucts and MODIS algorithm parameters is needed at an increasing 
number of flux tower sites, particularly cropland and grassland sites. 
4. Conclusions 
Carbon dioxide flux data from three soybean fields under different 
management practices (no-till vs. till; irrigated vs. rainfed) were an-
alyzed, and the GPP derived from eddy covariance measurements 
(GPPEC) was compared against the modeled GPP (GPPVPM) using a 
satellite-based VPM. The eddy flux measurements showed that the 
soybean fields have distinct spatial and temporal dynamics of car-
bon fluxes. Seasonally integrated NEE ranged widely from −37 to 
−264 gCm–2 across soybean sites. Well-distributed seasonal (May–
October) rainfall of about 450–500 mm was needed for the rainfed 
soybean sites to maximize the net carbon sink. The results show 
that the CUP and seasonal sums of NEE and GPP can be inferred 
from the length of the vegetation activity period from satellite 
Fig. 13. A comparison of MODIS-derived 
fraction of absorbed radiation by canopy 
(FPAR) and enhanced vegetation index (EVI) 
at three soybean flux sites.   
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remote sensing data. Similarly, strong correlations between GPPEC 
and VIs indicated the potential use of remote sensing VIs to upscale 
site-specific GPP measurements over the large soybean areas. On 
a growing season scale, integrated sums of GPPVPM were generally 
within ±10% of the integrated sums of GPPEC of soybean fields un-
der different management practices. However, some large discrep-
ancies between GPPVPM and GPPEC were observed under drought 
conditions when GPPEC was suppressed more heavily than VI. As 
LSWI tracked drought-impacted vegetation, a modified Wscalar in 
VPM, for the period of LSWI < 0 within the soybean growing sea-
son, helped quantify the reduction in GPP during severe droughts 
and it in turn improved VPM’s performance substantially. The results 
of this study demonstrate the potential use of remotely sensed VIs 
for better understanding of carbon dynamics and extrapolation of 
GPPEC of soybean croplands.    
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Fig. S1. Landscapes of three soybean flux sites. The red boarder line corresponds to the size of 
one MODIS pixel at 500-m spatial resolution, and the red dot represents the location of the flux 
tower.   
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